We present an experimental protocol that allows the entropy generated by spin-transfer to be measured. We investigate the effect of strong spin injection on a ferromagnetic nanostructure, focusing on the quasi-static equilibrium states of a single magnetic domain. We measure the response of the magnetoresistance to a temperature excitation as a function of the magnetic field for different values of the injected current. This quantity is related to the thermal susceptibility of the ferromagnetic wire through the anisotropic magnetoresistance. We deduce the ferromagnetic entropy generated by spin injection by a thermodynamic Maxwell relation. We applied this protocol to single contacted Ni nanowires obtained by electrodeposition in a nanoporous template. We observe that the entropy produced by the spin injection is a linear function of the current and reaches 60% of the initial entropy of the system for 5 10 7 A/cm 2 . This study shows that the effect of the spin-transfer in these samples results in the generation of incoherent excitations instead of rotation of the magnetization.
Measuring Entropy Generated by Spin-Transfer
Jean-Eric Wegrowe, Q. Anh Nguyen, and Travis L. Wade
Laboratoire des Solides Irradiés, Ecole Polytechnique, 91128 Palaiseau Cedex, France
We present an experimental protocol that allows the entropy generated by spin-transfer to be measured. We investigate the effect of strong spin injection on a ferromagnetic nanostructure, focusing on the quasi-static equilibrium states of a single magnetic domain. We measure the response of the magnetoresistance to a temperature excitation as a function of the magnetic field for different values of the injected current. This quantity is related to the thermal susceptibility of the ferromagnetic wire through the anisotropic magnetoresistance. We deduce the ferromagnetic entropy generated by spin injection by a thermodynamic Maxwell relation. We applied this protocol to single contacted Ni nanowires obtained by electrodeposition in a nanoporous template. We observe that the entropy produced by the spin injection is a linear function of the current and reaches 60% of the initial entropy of the system for 5 10 7 A/cm 2 . This study shows that the effect of the spin-transfer in these samples results in the generation of incoherent excitations instead of rotation of the magnetization.
Index Terms-Ferromagnetic entropy, ferromagnetic fluctuations, magnetic nanowires, spin injection, spin-transfer, thermal susceptibility of the magnetization.
I. INTRODUCTION
S PIN-TRANSFER is the generic name for the effect of magnetization reversal or magnetic excitations produced by the injection of a spin-polarized current in a ferromagnetic nanostructure. Since the discovery of spin-transfer effects in various kinds of systems [1] - [8] , [48] some fundamental questions emerged about the stochastic vs. deterministic nature of the effect. Already in the pioneering theoretical works about spin-transfer, two approaches were suggested. Luc Berger [9] proposed first a nondeterministic method by calculating an electronic s-d mean relaxation time that defines the transfer of spins from the electric current to the lattice (a consequence of which is to generate spin-waves). On the other hand, Slonczewski proposed a determinist term to be added to the Landau-Lifshitz-Gilbert equation of the dynamics of the ferromagnet [10] (this term is the expression of a torque exerted on the ferromagnet). The deterministic term is of "dissipative" nature, however, in the case of homogeneous magnetization, two effective fields (derived from two deterministic potentials) define the dynamics [11] , [12] . The two approaches are actually difficult to discriminate because the deterministic terms may also justify the existence of incoherent excitations, which eventually lead to the magnetization reversal.
In the years that followed this discovery, many different aspects of spin-transfer have been investigated experimentally, especially in terms of critical currents necessary to switch the magnetization (at a given excitation time scale). However, the important point that motivated this work is that the measurement of the critical current is a measure of the ferromagnetic relaxation, so that it involves the stochastic process describe by the Néel-Brown activation law [13] - [16] . As a consequence, Manuscript the process measured by the critical current is stochastic whatever the nature of the underlying mechanism. After ten years of spin-transfer measurements it is still difficult to understand the role of spin-transfer in the activation process. Is it sufficient to describe spin-transfer by adding a deterministic term into the ferromagnetic dynamic equation, or should spin-transfer be described by diffusion or fluctuation terms in the corresponding stochastic equation, or both [11] , [16] - [18] ? In other terms: does spin-transfer produce coherent rotation or precession of the magnetization (without the help of an external AC excitation), or only incoherent excitations? The ambition of this work is to answer these questions.
It is worth pointing out that despite an intense research activity on this topic, the simplest experiments that would avoid the activation process, namely measuring the rotation of the magnetization due to spin-injection on the quasi-static equilibrium states, i.e. measuring the modification of the reversible part of the hysteresis loop, have not been reported as such. This situation is rather surprising since it would be the most direct way to obtain the deterministic terms predicted by Slonczewski and to exhibit the corresponding potentials.
One problem with quasi-static measurements is due to the difficulty of measuring precisely the magnetization states of individual single ferromagnetic domains (contacted to a current source) as a function of the electric current densities, for very high densities injected. Adding to the difficulty of measuring the magnetization states at the nanoscale, many collateral effects of thermodynamic nature take place. Joule heating is of course superimposed on the effect of the spin-injection, but also induced fields and some important thermoelectric effects [19] , [49] .
The aim of this paper is to present a new experimental protocol that allows the effect of spin-injection to be investigated on the quasi-static states of the magnetization, to present the results obtained, and to discuss the results in terms of ferromagnetic fluctuations generated by spin-transfer. This goal is achieved thanks to the remarkable thermodynamic properties of ferromagnets. By analogy with magnetocaloric effects, we show that thermal susceptibility measurements of the anisotropic magnetoresistance of a single ferromagnetic domain give access to the entropy production, and that this method furnishes a sensitive probe of the ferromagnetic fluctuations generated by spintransfer. It is interesting to recall that such an approach was used for the first experimental evidence of the spontaneous magnetization of a ferromagnet as well as the first check of molecular field theory [20] , [50] .
The system used for this investigation is a single contacted Ni nanowire, obtained by electrodeposition into nanoporous polycarbonate membranes. This sample is chosen for convenience as typical test system thanks to previous studies related to the magnetization states [21] - [24] , to spin-transfer measured for the irreversible jumps of the magnetization [2] , [7] , [25] - [27] , [51] , and spin-dependent thermoelectric power [28] - [31] , [52] , [53] . The nanowire can be described as a single ferromagnetic domain with two ferromagnetic/normal interfaces. Uniform magnetization is defined with a vector of constant modulus with a trajectory confined on the surface of a sphere unity [11] ;
, where is the magnetization at saturation, and is the radial unit vector. In contrast to spin-valve systems, the ferromagnetic layer is large with respect to the spin-diffusion length (and to other typical relaxation lengths), i.e., large with respect to the interfaces. This system is simple enough to easily discriminate between bulk and interface effects, which is the very first step in the understanding of the measured effects (see the discussion in references [29] , [30] ). The protocol described here can also be applied as such on typical pillar spin-valves and tunneling junctions, e.g., the memory units used for magnetic random access memory (MRAM) applications.
For nanowires composed of a uniform ferromagnetic layer, the magnetization is measured through the anisotropic magnetoresistance (AMR). The giant magnetoresistance (GMR) cannot be measured directly with one magnetic layer because there are no reference states for spin-flip scattering [11] . Nevertheless, spin-accumulation (responsible for the GMR in spin-valve structures) is present at the interfaces between the normal metal and the Ni in both sides of the wire [30] , and spin-transfer is clearly observed [2] , [7] , [25] - [27] , [51] . Note that the key parameter for spin-transfer is the presence of spin accumulation [32] , [33] and that spin-transfer has also been observed on single ferromagnetic layer in other systems [34] - [36] , [54] .
The experimental protocol adopted here, in order to access to the effect of spin-transfer on the reversible part of the hysteresis, is the thermal susceptibility of the magnetization (where is the temperature of the wire and its magnetization at saturation) measured through the variation of the AMR in phase with the temperature. The measurements are performed as a function of the external field, and as a function of the amplitude of the current injected.
The field dependent thermal susceptibility allows the variations of the ferromagnetic entropy to be obtained, according to the Maxwell relation . The validity of the Maxwell relation is assumed because the total magnetic system is considered (a closed ferromagnetic system that takes into account the spin-dependent current generator and the ferromagnetic layer is defined in the references [11] , [16] ), and because only the reversible part of the magnetization curve is taken into account (see [37] , [55] otherwise). The method has also been successfully used in order to study the nonequilibrium spin-glass transition [38] .
The paper is composed as follows: the first part is devoted to the characterization of the ferromagnetic states, with the use of the AMR properties of the Ni nanowires. The second part presents the measurement protocol and the relations that link the measured thermal susceptibility to the fluctuations and to the usual field susceptibility deduced from the AMR. The third part shows the action of high current densities on this susceptibility and the variation of entropy generated by spin-transfer. We conclude that the effect of the spin-transfer in our samples results in the generation of incoherent excitations instead of rotation of the magnetization or coherent spin precession.
II. AMR AND THE REVERSIBLE PART OF THE HYSTERESIS
The interest in working with Ni nanowires is that the ferromagnetic states are well known and are easy to describe [22] - [24] , [26] . The wires length is 6 and the diameters are about 60 nm (aspect ratio 100). The electrodeposited Ni is composed of very small crystallites inside the wire, so that the magnetocrystalline anisotropy is averaged-out over some few nanometers. From the ferromagnetic point of view the anisotropy is uniaxial, because it is reduced to the shape anisotropy of a very long cylinder (with aspect ratio 100, the demagnetizing factor is very close to that of an infinite cylinder).
The wires are contacted individually by an in situ method inside the electrolytic bath. The method consists in depositing a thin gold layer on the top of the membrane (without obstruction of the pores) in order to measure the potential between the top and the bottom of the membrane during the growth of Ni. A feedback loop allows the deposition to be stopped once a single wire is contacted [39] . The wire is then contacted to a current source, a voltmeter, and a local heater. The fabrication process is described elsewhere [40] .
The resistance hysteresis loops, measured as a function of the amplitude of the magnetic field and for different field directions, are plotted in Fig. 1(a) . Fig. 1(b) shows the AMR measured at saturation field and plotted as a function of the field direction (defined by the angle ). At saturation field, the direction of the field coincides with the direction of the magnetization (defined by the angle ) so that . Furthermore, in the case of the nanowire, the angle is also the angle between the current density (oriented along the wire axis) and the magnetization . The fit in Fig. 1(b) shows that the profile of the resistance measured as a function of the angle follows the law . The magnetoresistance is hence reduced to the AMR contribution only [41] .
As expected for a single domain ferromagnetic layer, the profile plotted in Fig. 1(a) is composed of four reversible branches of the hysteresis and two symmetric irreversible jumps joining the reversible branches. The succession of quasi-static states that defines each branch of the hysteresis is indeed reversible.
Thanks to the wire's geometry, the maximum of the resistivity corresponds to the magnetization parallel to the wire axis while the minimum corresponds to the magnetization perpendicular to the wire axis . The uniform rotation of the magnetization, leads to the simple expression that relates the magnetoresistance hysteresis loop to the magnetic hysteresis loop [22] : (1) where , and the measured hysteresis is that obtained by projection over the wire axis.
On the other hand, the quasi-static states of the magnetization, that defines the reversible part of the hysteresis loop, are given by the equilibrium condition [42] . In the case of the Ni nanowires, the magnetization states at equilibrium are uniform (see below), and the anisotropy, reduced to the shape anisotropy, is uniaxial. The ferromagnetric Gibbs energy of the Ni nanowire writes:
where is the amplitude of the magnetic field applied at an angle and is the angle of the magnetization with respect to the wire axis. Introducing (2) into the equilibrium conditions gives the reversible part of the hysteresis:
The curves plotted in Fig. 1(a) , calculated for the three angles 18 , 68 , and 80 , are obtained by using (3) including the AMR formula (1) (a first fit is performed at 80 for adjusting the anisotropy parameter , and the other curves are deduced without adjusting parameters; the parameters and are deduced from Fig. 1(b) ). The validity of the approximation of uniform magnetization and uniaxial anisotropy is confirmed by the excellent agreement between the curves and the experimental results plotted in Fig. 1(a) and (b). The anisotropy field is found to be kOe. This is the value expected for the anisotropy field of an infinite cylinder kOe. However, it is worth pointing out for the following analysis that the very small discrepancy observed, say below 1%, of the total wire still corresponds to nonuniformity with typical size below 60 nm.
III. MEASURE OF THE THERMAL SUSCEPTIBILITY
In order to measure the thermal susceptibility, a Joule heater is fixed on the bottom of the membrane (see Fig. 2 ). The membrane is hence composed of the heater on the bottom with a 250 nm gold layer, and a submicrometric Ni mushroom that forms the contact on the surface of the second gold layer of about 50 nm thickness.
Analysis of the heat conductivity regimes inside the wire [25] , [51] shows that the temperature of the membrane is not significantly modified and the heat propagates from the bottom layer to the top layer through the contacted wire.
The experimental protocol established in order to measure the thermal susceptibility is as follows: A sinusoidal temperature variation is imposed on the wire through the heater and the response of the voltage (i.e., the magnetoresistance) is measured in phase. The heater is controlled by a heat current oscillating at frequency f, , where is of the order of 1 mA. The heat power is dispersed into the whole structure and only a small but sufficient fraction of the power is used to heat the wire. The temperature inside the wire is measured precisely with the resistance of the wire itself (typically, the resistivity is of the order of and the variation due to the heater is about 1%). The corresponding temperature variation of the wire is of the order of three degrees around the temperature K. At stationary regime, the mean temperature of the wire follows the heater, and oscillates in time at the frequency . In order to reach a well defined thermal stationary regime, the frequency of the signal is fixed at Hz. The duration of each measurement is of the order of 120 s. Since the wire reaches its thermal equilibrium much more rapidly [25] , [51] , each measured point is isothermic. This protocol is necessary in order to extract the response of the system to the thermal excitation, with the exclusion of the other contributions: drifts, thermal instabilities, electromigration, etc. (especially while injecting very strong current densities; see next section). The gradient of temperature between the top and bottom of the membrane is about one degree, and is well controlled by measuring the thermoelectric power [30] .
It is important to note that the temperature of the membrane is kept constant (slightly above room temperature), in order to avoid magnetostrictive effects due to the thermal expansion of the polycarbonate membrane. For this reason, an external (macroscopic) thermostat cannot be used in these experiments.
During the ac temperature excitation, a dc current is injected in the wires in order to measure the magnetoresistance. The current injected at a first stage of the study is weak, typically of the order of 20 A (about A/cm ), and has no effects in terms of spin-transfer. Due to the ac thermal excitation, the measured potential is sinusoidal (see inset of Fig. 3 ). The signal is analyzed numerically by the following expression:
: correction due to the induction produced by the heater. • : amplitude of the response to the thermal excitation, or "thermal susceptibility of the magnetoresistance" (this term will be justified below). • , : phase corrections.
The corresponding fit is plotted in the left inset of Fig. 3 . The contribution of interest is the spin-dependent contribution of this signal that can be extracted from the fit (through the coefficient ) and plotted as a function of the magnetic field (Fig. 3) . The profile obtained is typical for all measured samples (see also results and discussions in references [29] , [43] , [44] ). Fig. 4 shows the profiles of the coefficient for different values of the angle of the applied field. The signal is anisotropic so that this contribution is clearly due to a bulk effect. Interface effects (like those measured with the thermoelectric power on equivalent samples [30] ) are not observed at small current densities. The irreversible jump of the magnetization, observed in the AMR curve ( Fig. 1) can also be seen in the profile. However, we focus here on the reversible branches of the hysteresis. In the following, the angle of the applied field will be fixed at 80 because the signal is large and spin-transfer is maximal [2] , [26] .
How can we analyze this signal? Due to the high aspect ratio, the current density is perfectly uniform inside the wire. From this point of view the metallic wire is one-dimensional. Defining the wire axis by the coordinate , the kinetic equations writes (for our galvanostatic experiments the current density is constant). (5) with the electronic charge and where is the electrochemical potential ( is the electric field), electric current, and the heat current. The corresponding transport coefficients are the conductivity and Fourrier coefficient . The Onsager cross-coefficient are described by the Seebeck coefficient (or the Peltier coefficient ). Using the Wiedemann-Franz law , we introduce the Lorentz constant . Equation (5) rewrites:
(6) where the conductivity , function of the magnetization states and the temperature , has been introduced. The ratio is small for Ni and can be neglected in the first term on the right-hand side of (6). On the other hand, the second term on the right-hand side corresponds to the voltage when no current passes through the wire and gives the thermoelectric power (TEP). This term has been studied in detail in a previous work [30] . It is here given by the voltage measured at zero current, i.e., by the term according to (4) (in the following, the coefficient will be corrected by the thermoelectric effect . With this correction (6) simply reduces the Ohm's law:
. Integrating over the wire of length , we have (7) where is the current flowing in the section of the wire. The validity of this expression can be check by measuring the coefficient as a function of the current (see Fig. 5 ). The TEP, i.e., the coefficient , is shown in the inset with the magnification around . At very large (which is the region of interest for the study of spin-transfer) the deviation observed in Fig. 5 is mainly due to the Joule effect that modifies the temperature of the sample. The discussion related to spin-transfer effect is postponed for the next section.
The coefficient measurement is defined by the thermal variation of the voltage. In terms of resistance we have: (8) Introducing the expression of the AMR (1) (9) where the last term defines the thermal susceptibility of the magnetization . In the temperature range of the experiment [290 K, 310 K], the temperature variation of the AMR is very small, and the second term on the right-hand side is neglected. Inserting (1) we obtain the thermal susceptibility as a function of the measured parameters:
where , and is field independent and constant within our temperature range. In conclusion, since both the temperature variation of the resistance and the magnetoresistance hysteresis loops are known, the protocol described here allows the ferromagnetic thermal susceptibility of a single nanowire to be measured.
It should be noticed that the profiles ( Figs. 3 and 4 ) are rather similar to that of the derivative of the AMR profile, i.e., the field susceptibility . This is due to a general property of single domain ferromagnets: both susceptibilities are proportional to the static fluctuations. In our case, is the equilibrium mean value of the uniform magnetization (projected over the wire axis). We have , where is the partition function and is composed by an anisotropy term and the Zeeman term ((2)).
The thermal susceptibility writes:
On the other hand, the field susceptibility writes: The following relation between the susceptibilities is obtained: (13) It is hence possible to calculate the field dependence of the susceptibility from (11) or (13) , and the potential (2) . The result of the numerical calculations is shown in Fig. 6 , together with the experimental data. The curve is calculated without adjustable parameters, with the anisotropy deduced from the AMR curves ( Fig. 1) . Accordingly, the discrepancy observed in Fig. 6 should be attributed to the main limitation of the model, namely the approximation of uniform magnetization (i.e., the macrospin approximation that was sufficient for the analysis of the AMR). In other terms, the deviation to the experimental data should be due to nonuniformity. Since static magnetic inhomogeneities correspond to a maximum of a few percent of the total magnetization, as shown in the previous section, we conclude that spin-waves play an important role in the thermal response. This last remark will be useful in order to understand the effect of high current injection presented in the next section.
IV. FERROMAGNETIC ENTROPY AND SPIN-TRANSFER
It has been shown that the spin-transfer effect occurs in these samples while injecting a dc current (or pulsed current) with a density of the order of A/cm [2] , [26] , [27] . The spin-transfer is seen by a shift of the switching field, i.e., a decrease of the field necessary to provoke the irreversible magnetization reversal, that is proportional to the current above a given threshold of the order of A/cm . A decrease of the switching field by a factor up to 50% [27] has been observed. Furthermore, in terms of activation processes, the after-effect measurements (or ferromagnetic relaxation) show that spin-injection induces an important modification of the parameters entering in the Néel-Brown activation law. The effective potential barrier-or in stochastic terms the inverse of the effective temperature-decreases linearly as a function of the amplitude of the current. The effect is strong; 60% variation is obtained between and A/cm (see Fig. 4 , first paper in [25] , [51] ). Meanwhile, the reversible part of the hysteresis loop is not significantly modified (see Fig. 7 ). Note that all these features are also observed in spin-valve structures [15] . These observations motivated the interpretation of a fully stochastic process generated by the kinetic coupling between the spin of conduction electrons and the ferromagnetic order parameter (through the introduction of a relevant Onsager transport coefficient) [16] . In this context, the measurements of entropy at equilibrium (quasi-static states) allows the contribution of ferromagnetic fluctuations to be quantified. Fig. 7 shows three hysteresis loops normalized to , with currents density 0.2 MA/cm , 20 MA/cm , and 40 MA/cm ): the three profiles seem to be superimposed except for the position of the switching field (see inset of Fig. 7 and [2] , [7] , [25] - [27] , [51] for the study of the irreversible jumps). The signal corresponding to the rotation of the magnetization, if any, is too small to be extracted from the noise in Fig. 7 .
On the other hand, Fig. 8 shows that the thermal susceptibility as a function of the magnetic field is significantly modified by injecting high currents. Fig. 8(a) shows the field dependence of the thermal susceptibility at different current densities. In Fig. 8(b) , the thermal susceptibility of the magnetoresistance for both a weak current (reference current 0.2 MA/cm ) and a strong current (45 MA/cm ) are superimposed. In the inset, the comparison is performed with the two corresponding ferromagnetic susceptibilities deduced from (10). According to the following Maxwell relation (see, e.g., the discussion developed in the context of magnetocaloric effect [37] , [45] , [46] , [55] - [59] ) (14) and assuming that the statistical distribution of the ferromagnetic states in the reversible branches of the hysteresis is close enough to that of the equilibrium (i.e., to a Boltzmann-like distribution with an effective current-dependent energy or temperature), the entropy variation due to the strong spin-injection can be deduced from the measurements of the thermal susceptibility, presented in Fig. 8 . We will take as a reference for the entropy of the ferromagnetic layer the integral of the susceptibility measured at 0.2 MA/cm (or mA) in the field range 1 Tesla:
JK kg (using for Ni magnetization J/Tcm and for Ni density 8.9 g/cm ). The entropy due to spin-injection is defined from the reference current density: (15) The entropy variation is plotted as a function of the current density in Fig. 9 . The magnetic field induced by the current has been taken into account in the error bars as follows: the induced field (about T/mA, see discussion in [26] ) is taken into account with a homogeneous field of 0.1 Tesla added to the integration interval. The variation is linear with the current and reaches 60% at A/cm . A current threshold is clearly visible and is of the order of 2 A/cm . All of these characteristics are quantitatively and qualitatively that measured for spin-transfer experiments in Ni nanowires based on activation processes on the irreversible jumps. Furthermore, the analysis of the variations due to spin-injection [ Fig. 8(b) ] shows that the spin-transfer shifts the position of the minima peaks toward zero field. This modification of the profile of the thermal susceptibility cannot be reproduced with the formula (13) (with relaxing parameters or as free adjustable parameters). The main contribution of spin-transfer should then be due to the fluctuations related to spin-waves. The identification of the specific form of these fluctuations will be investigated in more detail elsewhere. However, we can already conclude that, within the perspective adopted here, the effect of spin-transfer is to increase the disorder, or in other terms, to destroy the ferromagnetic order parameter, in analogy with magnetic phase transition [45] , [56] , [57] occurring while approaching the Curie temperature, or in the case of superparamagnetic transitions approaching the blocking temperature [46] , [58] , [59] . In the context of the application to magnetic random access memories (MRAMs), the above remark means that implementing a writing process based on spin-transfer is, in the physical principles involved (see [16] for details), very close to implementing thermally assisted switching on MRAMs (see [47] for a review).
V. CONCLUSION
An experimental protocol has been presented that allows the effect of a high dc current injected in a ferromagnetic nanowire to be investigated on the reversible branches of the hysteresis loop. The protocol is based on the measurements of the thermal magnetic susceptibility obtained by the magnetoresistance properties. The samples used are single domain Ni nanowires. The profile of the thermal susceptibility as a function of the external field is shown to follow qualitatively the predictions deduced from the magnetoresistance hysteresis loop in the framework of the macrospin approximation. The discrepancy is attributed to the important role played by the spin-waves in these measurements.
Furthermore, the measurements of the thermal susceptibility allows the entropy generated by spin-injections at high current densities to be deduced. The results show a giant increase of the ferromagnetic entropy with the spin-injection, up to 60% at A/cm . The variation is linear and a current threshold is also present at about A/cm . These characteristics are exactly that observed previously for spin-transfer experiments performed on the irreversible magnetization jumps (experiments based on activation laws and effective energy barrier or effective temperature). Consequently, we attribute the observed increase of entropy measured as a function of the current (Fig. 9 ) to the spin-transfer effects.
These results show that the spin-transfer generates strong fluctuations of the magnetization (or incoherent excitations), instead of the isentropic rotation of the magnetization. The amplitude of the fluctuations produced is of the same order of magnitude (60% in the present case) as the total ferromagnetic entropy of the wire. In this context, the role of spin-transfer effect is to increase the disorder, or in other terms to destroy the ferromagnetic order parameter, in analogy with the usual ferromagnetic phase transition while approaching the Curie temperature, or the superparamagnetic transition approaching the blocking temperature from above.
